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Miquel Costas,*b Julio Lloret-Fillol‡*b and Rube´n Mas-Balleste´*a
Herein we show that species generated upon reaction of
a-[Fe(CF3SO3)2(BPMCN)] (BPMCN = N,N0-bis(2-pyridylmethyl)-trans-
1,2-diaminocyclohexane) with H2O2 (putatively [Fe
V(O)(OH)(BPMCN)])
is able to eﬃciently oxidize H2 to H2O even in the presence of organic
substrates, while species formed in the presence of acetic acid
(putatively [FeV(O)(OAc)(BPMCN)]) prefer organic substrate oxidation
over H2 activation. Mechanistic implications have been analysed with
the aid of computational methods.
Selected iron coordination complexes containing tetradentate
aminopyridine ligands have been described over the last decade
as biologically inspired oxidation catalysts.1–3 These complexes
catalyse challenging oxidation reactions including stereospecific
hydroxylation of alkanes, cis-dihydroxylation of olefins, and oxida-
tion of the water molecule. Desaturation of alkanes has also been
described. Mechanistic studies have highlighted the ability of
these complexes to form putative high valent and highly electro-
philic [(L)FeV(O)(OH)]2+ species upon reaction with oxidants such
as H2O2
4,5 or cerium ammonium nitrate (CAN).6 Instead, in the
presence of acetic acid, putative [(L)FeV(O)(AcO)]2+,7 (or recently
better described as [(L)FeIV(O)(AcO)]2+ where L = 1,10-bis(2-
pyridylmethyl)-2,20-bipyrrolidine = PDP, Scheme 1) species8 is
formed. The reactivity of [(L)FeV(O)(OH)]2+ against olefins bears
strong resemblance to that of OsO4.
9,10 The mechanism proposed
takes place through a non-concerted 3+2 reaction between the
FeV(O)(OH) unit and the olefin to yield the syn-diol.5,11,12
Likewise, OsO4 assisted by N-based ligands also reacts with
H2 through a similar 3+2 transition state to yield Os
VIO2(OH)2
species, breaking the H–H bond.13 Other Mn,14 Ru14 and Re15
oxo species activate H2 through an analogous concerted mecha-
nism. This reaction is remarkable due to the strong and non-polar
nature of the H–H bond, and also because no metal–hydrogen
interaction occurs during the H–H cleavage. This is in contrast to
the most common pathways for H2 activation, consisting of the
oxidative addition of this molecule to a metal ( yielding a metal–
dihydride complex) or 2+2 heterolysis (generating a metal-hydride
fragment and protonation of a nucleophilic site).16 Thus, 3+2 H2
oxidation is a much less studied alternative pathway for H–H
cleavage. Such a mechanism may be relevant to C–H activation
processes,14 representing a concerted alternative to the stepwise
rebound mechanism commonly proposed for alkane hydroxyl-
ation.17 Building on the expected resemblance between the
reactivity of the high valent metal-oxide species of group VIII,
we hypothesized that [(L)FeV(O)(OH)]2+, the intermediate responsible
for C–H hydroxylation, cis-dihydroxylation and water oxidation reac-
tions, may react with the H2 molecule in a similar manner to OsO4,
while [(L)FeV(O)(AcO)]2+ (or [(L)FeIV(O)(AcO)]2+) would not.
Since non-heme FeV(O)(X) species are very elusive we have
investigated our hypothesis by analysing reactivity diﬀerences in
well-known model reactions such as C–H hydroxylation, epoxi-
dation and oxidation of sulfides. The non-heme iron complex
[Fe(CF3SO3)2(BPMCN)]
18 (1 mM) was chosen as catalyst and
Scheme 1 Schematic diagram of tetradentate ligands and the iron
complex used in this work.
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H2O2 (10 eq. delivered via a syringe pump for 30 minutes) as an
oxidant. Yields of oxidized compounds were compared, in the
presence and absence of H2 as a competitive substrate and the
effect of adding AcOH (1.5 M) was studied. The experiments were
carried out at 1 atm of H2 under continuous hydrogen flow to the
solution containing the iron catalyst and the organic substrate.
The results of these experiments are collected in Table 1.
Inspection of Table 1 reveals that in the absence of acetic
acid, the presence of H2 has an eﬀect on reaction yields. Thus,
the yield of oxidized products in cyclohexane and cyclooctene
oxidation is reduced by 60% and 40%, respectively. However
thioanisole oxidation decreases in a more modest manner
(33% vs. 22%). These diﬀerences are consistent with a competi-
tive inhibition scenario in which the extent of inhibition is more
substantial for the less reactive substrate (cyclohexane). In
contrast, sulfide oxidation is modestly aﬀected by the presence
of H2, in accordance with its ease of oxidation reactivity. The
eﬀect of H2 in the oxidation of cyclooctene falls just in the
middle of such tendencies. It is worth noting that sulfide
oxidation is the easiest process but the yields are quite low in
the absence of acetic acid, due to the tendency of the sulfoxide
product to coordinate with the iron center, thus, generally
deactivating the catalyst (see the ESI†).
The eﬀect of H2 was further confirmed in a series of
experiments under diﬀerent H2 pressures. Solutions of H2O2
were injected into a reactor containing an acetonitrile solution
of the catalyst and the substrate (cyclohexane), under diﬀerent
H2 pressures. Production of cyclohexanol decreased as the H2
pressure increased (Fig. 1). In fact, at 10 atm of H2, absolutely
no cyclohexanol was produced. To evaluate the possible eﬀect of
just pressure, oxidation of cyclohexane was performed under an
atmosphere of 10 atm of argon (see the ESI†). Gas chromatography
analysis of cyclohexanol produced indicates that such pressure
of inert gas reduces the alcohol yield by 40%. Thus, although
pressure of inert gas has a detrimental eﬀect on catalytic
outcome, decreasing the yield of cyclohexanol in the presence
of H2 is far beyond a simple pressure eﬀect. Such dependence
of reaction yield on H2 pressure supports the role of hydrogen
as a competitive substrate.
Further evidence in favour of the reaction with H2 was
gained by isotopic labelling analysis of the water product
formed from H2 oxidation by the active high-valent iron species
FeV(O)(OH). In order to facilitate the distinctive detection of
water formed from H2 oxidation, experiments were conducted
using D2 instead of H2, so that deuterated water generated by
D2 oxidation can be analyzed by
2D-NMR. Therefore, injection
of 10 eq. of H2O2 was carried out in a reactor pressurized at
10 atm with D2 gas containing 3 mL of a 1 mM solution of
[Fe(CF3SO3)2(BPMCN)] in CH3CN. The integration of the signal
of HDO was referenced to the natural abundance of the
deuterium signal from CH3CN solvent (experimentally determined
to be 9.3mM). Calibration wasmade by adding known amounts of
D2O to a standard reaction medium in CH3CN. A control experi-
ment was also carried out under the same experimental conditions
in the absence of the Fe complex. 2D-NMR spectra from the
experiment and from the control are shown in Fig. 2. After
subtracting the amount of deuterium found in the control
(mainly coming from impurities in D2 gas) we could estimate
that ca. 0.8 eq. of D2 (relative to Fe) were converted to HDO by
reaction with H2O2 in the presence of [Fe(CF3SO3)2(BPMCN)].
Considering that the more active species for H2 oxidation
([FeV(O)(OH)(BPMCN)]2+) is generated through a water-assisted
mechanism raises the question that whether the addition of
extra amount of water would enhance such reactivity. To
address this question, we carried out experiments of oxidation
of cyclooctene in solutions containing 10% water. Product
analysis indicates that the presence of such an excess of water
Table 1 Yields (%) of organic substrate oxidations using H2O2 as the
oxidant and a-[Fe(CF3SO3)2(BPMCN)] in CH3CN in the presence (1.5 M) and
in the absence of acetic acid in solution
Oxidant H2O2 H2O2 + AcOH
Atmosphere Ar H2 Ar H2
Reagent Producta
c-Hexane c-Hexanolb,c (%) 58 27 55 48
Standard deviation (3) (2) (1) (3)
c-Octene Epoxideb,d (%) 89 54 89 98
Standard deviation (3) (1) (5) (2)
Thioanisole Sulfoxideb,e, f (%) 33 22 98 102
Standard deviation (2) (4) (1) (1)
a Experimental conditions: 1 mM [Fe(CF3SO3)2(BPMCN)]: 10 mM H2O2
delivered by syringe pump during 30 min at room temperature (25 1C),
organic substrate (1 M). Experiments were carried out in an argon atmo-
sphere using regular shlenck techniques or under H2 atmosphere with an
additional constant flow of H2 (200 cm
3 min1) during the reaction after
3 previous degassing cycles. Values shown are the average of triplicate
experiments. b Product yields calculated with respect to the oxidant.
c Trace amounts of cyclohexanone (o5%) were also observed. d Trace
amounts of cis-diol (o5%) were also observed. e Trace amounts of sulfone
(o5%) were also observed. f Overestimation of yield of sulfoxide is within
the cumulative experimental error that can be originated from imprecision
on H2O2 concentration, calibration factors or integration of analytical
signals. Otherwise, partial oxidation during the workup cannot be com-
pletely discarded.
Fig. 1 Yields (%) of cyclohexane oxidation using H2O2 as an oxidant and
a-[Fe(CF3SO3)2(BPMCN)] in CH3CN in the presence and in the absence of
acetic acid in solution. Experiments were carried at controlled high H2
pressures (diﬀerent from experiments shown in Table 1). Results of
experiments in the absence of acetic acid at controlled pressures of
deuterium gas are also shown. Results shown are the average of duplicate
experiments. GC-MS analysis of the cyclohexanol product indicates that
deuterium atoms are not incorporated in any case in the alcohol molecule.
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results in the significant deactivation of catalytic oxidation
(32% yield of epoxide). The presence of H2 (1 atm) just slightly
decreases the epoxide yield (26%). Such a detrimental eﬀect on
catalytic activities resulting from high water excesses is possibly
due to the role of the water molecule as a competitive ligand
that makes more diﬃcult coordination and further activation of
hydroperoxide. However, the amount of water originally added
together with H2O2 (in a concentrated hydrogen peroxide solution
(33%), every molecule of H2O2 is accompanied by 4 molecules of
water approximately) is enough to trigger water assisted path-
ways,19 without the negative eﬀect of higher excesses.
Thus, it can be inferred that, once the high-valent iron species
is generated, D2 oxidation can occur. Considering that D–D
activation is subjected to a considerable kinetic isotope effect
(K.I.E.), this would disfavor D2 activation, and self-decay pathways
would become competitive processes. Consequently, the amount
of water generated by D2 oxidation would be significantly reduced
compared to the values expected when H2 is used (Table 1).
Occurrence of K.I.E was confirmed by performing experiments in
the presence of cyclohexane as the organic substrate at different D2
pressures (Fig. 1). The results observed indicate that D2 is a rather
sluggish substrate compared to H2. However, even under these
conditions, formation of HDO was confirmed in the presence of
cyclohexane at 10 atm of D2 (0.8 eq.) and at 8 atm of D2 (0.4 eq.).
Overall, albeit modest, the yield of HDO detected represents a
significant evidence for H2 oxidation.
In sharp contrast, the presence of 1 atm H2 did not aﬀect
the catalytic oxidation activity when acetic acid was added to
the reaction medium (Table 1). In fact, as reported before,7
acetic acid increased the yields of oxidized products, which is
especially significant for sulfide oxidation. The current experi-
ments however show that the oxidant generated in the presence
of acetic acid is less prone to react with H2 despite being very
active in the oxidation of diﬀerent organic substrates. Catalytic
cyclohexane oxidation under standard reaction conditions in
the presence of acetic acid at diﬀerent H2 pressures revealed
that generation of cyclohexanol was not completely inhibited
even at 10 atm (Fig. 1). Thus, although H2 oxidation is also
possible in the presence of acetic acid, it is clearly less favored
than that without acetic acid.
Previous mechanistic studies have shown that in the
presence of acetic acid, high valent iron species FeV(O)(OAc)
form and they are responsible for C–H hydroxylation and olefin
epoxidation.7 In light of these precedents, these species appear
to be less reactive than FeV(O)(OH) towards H2. This result
parallels the different reactivity of FeV(O)(OH) and [FeV(O)(OAc)]
towards olefins to form syn-diols.
The mechanistic implications of H2 activation by the high
valent iron species [FeV(O)(X)(BPMCN)] (X = OH or AcO)
generated by reaction of the Fe(II) precursor with excess H2O2
in the presence or in the absence of acetic acid have been
analyzed by DFT calculations at the B3LYP/6-31G** level, intro-
ducing the acetonitrile solvation and dispersion eﬀects in
geometry optimizations. Refined values for the final energies were
obtained with the cc-pVTZ basis set for all atoms (see the ESI,† for
full computational details). For [FeV(O)(OH)(BPMCN)]2+, two pos-
sibilities have been examined: (a) the 2+3 homolytic H–H activation
and (b) the base assisted heterolytic cleavage in which a CH3CN
molecule acts as an external base. Results obtained indicate that
the pathway (a) is the most favorable (DG‡ = 17.3 kcal mol1 vs.
DG‡‡ = 21.0 kcal mol1). In good agreement with experimental
observations, [FeIV(O)(AcO)(BPMCN)]2+ oxidizes H2 via a 2+4
mechanism with a substantially higher energy barrier (DG‡‡ =
24.2 kcal mol1) than in the case of [FeV(O)(OH)(BPMCN)]2+
(Fig. S1–S3, ESI†). Heterolytic H–H oxidation is expected to be
higher in energy than for the [FeV(O)(OH)(BPMCN)]2+ case since
the charge is delocalized in the acetate ligand, leading to a less
electrophilic oxo group. Thus, theoretical analysis presents
a scenario where intermediates [FeV(O)(OH)(BPMCN)]2+ and
[FeIV(O)(AcO)(BPMCN)]2+ are active for both the organic sub-
strate oxidation reactions and H–H activation. However,
[FeV(O)(OH)(BPMCN)]2+ active species can engage in a reaction
pathway for H2 oxidation energetically more favorable than the
mechanism found for [FeIV(O)(AcO)(BPMCN)]2+ (Scheme 2). Overall,
theoretical modelling offers a rationale for the observed experi-
mental reactivity trend where a distinct balance between H2 activa-
tion and organic substrate oxidation is observed depending on
the presence or absence of acetic acid in the reaction media.
Overall, experimental and theoretical data presented in this
communication add a new perspective to the mechanistic
landscape oﬀered by non-heme iron mediated catalytic oxida-
tion (Scheme 1). High valent species generated by reaction of
[Fe(CF3SO3)2(BPMCN)] with H2O2 in the presence ([Fe
IV(O)(AcO)-
(BPMCN)]2+) or the absence ([FeV(O)(OH)(BPMCN)]2+) of acetic
Fig. 2 2D-NMR analysis of the reaction mixture resulting from a 1 mM
[Fe(CF3SO3)2(BPMCN)] solution in CH3CN pressured to 10 atm of D2 where
10 mM H2O2 was delivered by syringe pump during 30 min. Control
experiment without the iron compound is also shown.
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acid show diﬀerent reactivity against the H2 molecule. It has been
previously shown that both species are active in oxidation
catalysis against substrates such as alkanes, olefins or organic
sulfides. Catalysis results are generally improved by adding acetic
acid, suggesting that the species generated under these condi-
tions has an enhanced oxidative character and is more versatile.7
However, the results shown herein suggest that this is not always
the case. In fact, while active species generated in the presence of
acetic acid scarcely activate hydrogen, the active intermediate
generated in the absence of acetic acid is able to eﬀectively
oxidize hydrogen to water. On the basis of this diﬀerence, for the
species [FeV(O)(OH)(BPMCN)]2+ both the oxo and hydroxo sites
can cooperatively participate in the hydrogen activation process.
In contrast, in the intermediate ([FeIV(O)(AcO)(BPMCN)]2+) the
acetate group is less basic and poorly assists H2 oxidation.
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